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We report the development of an immunoglobulin M (IgM) antibody capture enzyme-linked immunosorbent 
assay (MAC-ELISA) for severe acute respiratory syndrome coronavirus (SARS-CoV) by using recombinant 
truncated SARS-CoV nucleocapsid protein as the antigen. The newly developed MAC-ELISA had a specificity 
and sensitivity of 100% as evaluated by using sera from healthy volunteers and patients with laboratory- 
confirmed SARS. Using serial serum samples collected from SARS patients, the times to seroconversion were 
determined by IgM antibody detection after SARS-CoV infection. The median time to seroconversion detection 
was 8 days (range, 5 to 17 days) after disease onset, and the seroconversion rates after the onset of illness were 
33% by the first week, 97% by the second week, and 100% by the third week. Compared with the results of our 
previous report on the detection of IgG, the median seroconversion time by IgM detection was 3 days earlier 
and the seroconversion rate by the second week after the illness for IgM was significantly higher than by IgG 
assay. Our results indicating that the IgM response appears earlier than IgG after SARS-CoV infection in 
consistent with those for other pathogens. Our newly developed MAC-ELISA system offers a new alternative 


for the confirmation of SARS-CoV infection. 


Severe acute respiratory syndrome (SARS) is a human dis- 
ease associated with pneumonia that has emerged recently (5, 
7, 10, 15). After the emergence of the SARS coronavirus 
(SARS-CoV), there were several reports dealing with the de- 
tection of specific immunoglobulin M (IgM) by indirect en- 
zyme-linked immunosorbent assay (ELISA) or indirect immu- 
nofluorescent assay (IFA) (1, 3, 13). In these studies, IgM 
antibodies became detectable later than IgG antibodies, which 
is in contrast to the phenomena described for most known 
pathogens. The reason for an earlier IgG response is unclear. 
It may be due to the earlier development of IgG antibodies 
than IgM antibodies, or alternatively, the observation may just 
reflect the low sensitivity of the assays for the detection of IgM. 
It is known that the detection of IgM without the separation of 
IgG yields higher rates of false-positive and false-negative re- 
sults (3). Therefore, the serological response of SARS-CoV- 
infected patients should be examined using more-sensitive 
methods. 

Antibodies against SARS-CoV nucleocapsid protein are 
longer-lived and occur in greater abundance in SARS patients 
than antibodies against other viral components, such as the 
spike, membrane, and envelope proteins (2, 4, 12, 14, 16). In 
our previous study, we reported that an indirect IgG ELISA 
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based on an N-terminally truncated nucleocapsid protein is a 
safe, specific, and sensitive test for the diagnosis of SARS-CoV 
infection (16). All these data indicated that the nucleocapsid 
protein of SARS-CoV is a good target antigen for diagnosis. 

In this study, we developed a specific and sensitive IgM 
antibody capture ELISA (MAC-ELISA) for SARS CoV by 
using recombinant truncated SARS-CoV nucleocapsid protein 
as the antigen. This MAC-ELISA was designed to specifically 
detect the IgM-type antibody. The sensitivity and specificity 
of this MAC-ELISA were assessed. In addition, using serial 
serum samples collected from SARS patients, the times 
required for patients to exhibit IgM seroconversion after 
SARS-CoV infection were determined and compared to 
results from our previous study for IgG detection, and we 
found that in SARS-CoV infection, the IgM response ap- 
pears earlier than the IgG response, resembling the host 
response to other known pathogens. 


MATERIALS AND METHODS 


Serum samples. One hundred seventy-five serum samples were collected from 
healthy volunteers from Hanoi, Vietnam, before the SARS outbreak, which were 
used as negative serum controls. Serial serum samples from 36 patients with 
laboratory-confirmed SARS at the French Hospital, Hanoi, Vietnam, were col- 
lected from 11 March to 3 April 2003. All sera were heat inactivated at 56°C for 
30 min before use. 

Protein preparation. SARS-CoV NA121 protein, encompassing amino acid 
residues 122 to 422 of the nucleocapsid protein (an N protein construct with 121 
amino acids of the N terminus truncated), was expressed and purified as de- 
scribed previously (16). The NA121 protein was used for animal immunization as 
well as the antigen in the MAC-ELISA. 
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TABLE 1. Seroconversion times detected by the SARS-CoV NA121 
protein-based MAC-ELISA and indirect IgG ELISA 


Time (days) to seroconversion after the onset of illness 


Ig 
Earliest Latest Median 
IgM 5 17 8 
IgG 6 21 11 


Production of hyperimmune mouse ascites fluid. Three-week-old BALB/C 
mice were injected intraperitoneally with 100 pl (100 wg) of purified NA121 
protein emulsified with an equal volume of Freund’s complete adjuvant (MP 
Biomedicals). Two booster injections were given by the same dose of NA121 
protein in Freund’s incomplete adjuvant (MP Biomedicals) at 14-day intervals. 
One week after the final booster injection, 1 x 10° SP2/0 myeloma cells were 
injected intraperitoneally and ascites fluid collected. 

Indirect IgG ELISA. The indirect IgG ELISA, based on the recombinant 
truncated SARS-CoV NA121 protein, was described previously (16). 

IgM capture ELISA procedure. A SARS-CoV-specific IgM test was done by 
coating the wells of immunoplates with goat anti-human IgM antibody, adding 
patient or control sera to the anti-IgM-coated wells, and then allowing the 
captured IgM to react with the recombinant SARS-CoV NA121 protein. Cap- 
tured SARS-CoV NA121 protein was detected with SARS-CoV virus hyperim- 
mune mouse ascitic fluid. Bound anti-NA121 protein antibody was detected with 
horseradish peroxidase-conjugated anti-mouse IgG, followed by H,0,-ABTS 
(2,2'-azino-diethylbenzothiazolinesulfonic acid) substrate. Optimal dilutions of 
all reagents were determined by checkerboard titration with reference sera. The 
reference sera were selected according to our preliminary experimental results 
and serum availability. The reference sera were used for inner control of the 
assay. The actual procedures were as follows. Ninety-six-well Falcon immuno- 
plates (Becton Dickinson) were coated with 100 yl of a 1:250 dilution of goat 
anti-human IgM (BioSource International) diluted in phosphate-buffered saline 
(PBS) (pH 7.4), and plate coating was conducted at 4°C overnight. The plates 
were then washed five times with PBS-T (PBS plus 0.1% Tween 20) before they 
were allowed to react with the patient serum. The patient serum samples were 
diluted at a 1:100 dilution in assay diluent (PBS-T plus 5% skim milk). Each 
patient serum was added to four wells of the plate. The patient samples were 
incubated on the plates for 1 h at 37°C, followed by washing. Antigen (purified 
recombinant truncated SARS-CoV NA121 protein) was then added at a concen- 
tration of 0.2 wg (in assay diluent) to the upper two wells, while assay diluent only 
was added to the lower two wells as a negative control, and the plate was 
incubated for 1 h at 37°C. The plates were washed, and a 1:4,000 dilution of an 
anti-SARS CoV NA121 protein hyperimmune mouse polyclonal ascitic fluid was 
added and incubated for 1 h at 37°C. The plates were washed, a 1:5,000 dilution 
of goat anti-mouse IgG-horseradish peroxidase conjugate (Biosource, CA) was 
added, and the mixture was incubated at 37°C for 1 h. The plates were washed, 
100 yl of an ABTS-peroxidase substrate (Kirkegaard & Perry Laboratories) was 
added, and the plates were incubated in the dark for 30 min at 37°C. Optical 
densities (OD) were measured at 405 nm. The specific activity of each serum (net 
OD) was calculated by subtracting the nonspecific background OD in the wells 
without antigen from the specific OD in the wells with SARS-CoV NA121 
protein antigen. The values reported represent the averages of results from 
duplicate wells for each sample. On all test plates, 1:100 dilutions of negative 
control, weakly positive control (the OD of the positive samples over the OD of 
the negative control [P/N] was approximately equal to 5), and strongly positive 
control (P/N = 20) serum samples were run simultaneously. The negative control 
was one of the blood samples from the 175 healthy subjects. The OD value for 
this control was established from the mean OD for the 175 SARS-negative 
subjects plus 2 standard deviations. Each sample was tested in duplicate, and the 
mean OD for each sample was calculated. The cutoff for the assay was twice the 
mean OD for the negative control serum sample (P/N = 2). 


RESULTS 


Specificity of MAC-ELISA of SARS-CoV using the recom- 
binant truncated N protein. The specificity of the MAC- 
ELISA was estimated using 175 sera collected from healthy 
volunteers in Hanoi, Vietnam, before the SARS outbreak. All 
175 serum samples were found to be nonreactive in our newly 
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TABLE 2. Rates of seroconversion arranged by length of time 
after the onset of illness as detected by the SARS-CoV NA121 
protein-based MAC-ELISA and indirect IgG ELISA 


% of patients who seroconverted during the indicated wk 
after the onset of illness? 


Ig 
First Second* Third 
IgM 33 (12/36) 97 (35/36) 100 (36/36) 
IgG 22 (8/36) 69 (25/36) 100 (36/36) 


“ A P value of <0.005 was determined by the x? test. 
’ Values in parentheses are numbers of patients who seroconverted over the 
total number tested. 


developed SARS-CoV MAC-ELISA; the specificity of the 
SARS-CoV MAC-ELISA was 100%. 

Sensitivity of the MAC-ELISA for SARS-CoV using the re- 
combinant truncated N protein. To determine the sensitivity of 
the MAC-ELISA, serum samples serially collected from 36 
patients with laboratory-confirmed SARS in Vietnam were 
investigated for their reactivity. All 36 patient sera were found 
to be reactive in the newly developed MAC-ELISA; the sen- 
sitivity of the SARS-CoV MAC-ELISA was 100%. 

Reproducibility of MAC-ELISA results for SARS-CoV using 
the recombinant truncated N protein. The control serum OD 
were stable not only in different plates at the same test time but 
also between different test times; the negative control serum 
was always negative and the OD variations for the weakly and 
strongly positive control sera were less than 0.2 between dif- 
ferent assay times. 

Comparison of seroconversion times and seroconversion 
rates by time to detection by the NA121 protein-based IgG 
ELISA and MAC-ELISA. The times of seroconversion for the 
36 patients from whom serial serum samples were collected are 
shown in Table 1. For IgM detection, the median time to 
seroconversion was 8 days (range, 5 to 17 days) after disease 
onset. For IgG detection, the median time to seroconversion 
was 11 days (range, 6 to 21 days) after disease onset. The 
seroconversion rates by time after onset of illness as detected 
by the NA121 protein-based IgG ELISA and MAC-ELISA for 
the 36 patients from whom serial serum samples were collected 
are shown in Table 2. For IgG detection, the anti-NA121 pro- 
tein IgG seroconversion rates after the onset of illness were 
22% by the first week, 69% by the second week, and 100% by 
the third week. For IgM detection, the anti-NA121 protein IgM 
seroconversion rates after the onset of illness were 33% by the 
first week, 97% by the second week, and 100% by the third 
week. The IgM seroconversion rate by the second week after 
the illness was significantly higher than that observed for IgG 
(P < 0.005). 


DISCUSSION 


IgM antibody is produced early in the immune response and 
rises rapidly during the disease course, and hence the detection 
of IgM antibody is a valuable tool for the rapid diagnosis of 
acute viral infections (6). The MAC-ELISA was designed spe- 
cifically for IgM. The capture format of the MAC-ELISA elim- 
inates any potential background caused by extraneous anti- 
body, which in turn results in less frequent nonspecific 
reactions as well as in the absence of false-positive results 
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caused by rheumatoid factor. Competition between IgM and 
IgG for antigen binding is minimized, reducing the occurrence 
of false-negative results, thus allowing more-reliable and -sen- 
sitive detection of IgM antibody against the antigen (8, 9, 11). 

After the emergence of SARS-CoV, several studies dealing 
with the detection of specific IgM antibody by using indirect 
ELISA or the IFA method have been reported. Woo et al. 
reported that IgM antibodies became detectable later than IgG 
antibodies in both the indirect ELISA and the IFA (13). Hsueh 
et al. reported that IgG seroconversion occurred simulta- 
neously, or 1 day earlier, than IgM seroconversion by IFA. 
They absorbed IgG before the detection of IgM to avoid the 
interference of IgG antibody (3). Chang et al. also reported a 
similar IgG IgM subclass response after SARS-CoV infection 
(1). In all these studies, IgM antibodies became detectable 
later than or simultaneously with IgG antibodies, which is in 
contrast to the phenomena described for most of the known 
pathogens, against which IgM antibodies often appear a few 
days earlier than IgG antibodies. It is known that the detection 
of IgM antibodies without separating IgG antibodies yields 
higher rates of false-positive and false-negative results. Hence, 
the reason for the earlier IgG response observed in the studies 
mentioned above may be because of the low sensitivity of their 
assay systems for the detection of IgM, rather than the biology 
of the host immune response. 

Using recombinant truncated SARS-CoV nucleocapsid pro- 
tein as the antigen, we developed an IgM capture ELISA 
system for SARS-CoV. The newly developed MAC-ELISA 
had a specificity and sensitivity of 100%, evaluated by using 
sera from healthy volunteers and patients with laboratory- 
confirmed SARS, indicating that the assay system is sensitive 
and reliable. Our newly developed MAC-ELISA system is the 
first reported IgM capture assay for SARS-CoV using a re- 
combinant protein. It offers one more choice for the serolog- 
ical diagnosis of SARS. 

Using serial serum samples collected from 36 patients with 
laboratory-confirmed SARS, we compared the IgM and IgG 
antibody seroconversion times after SARS-CoV infection. For 
IgM antibody, the median time of seroconversion detected was 
8 days after disease onset and the seroconversion rates after 
the onset of illness were 33% by the first week, 97% by the 
second week, and 100% by the third week. For IgG antibody, 
the median time of seroconversion detected was 11 days after 
disease onset and IgG seroconversion rates after the onset of 
illness were 22% by the first week, 69% by the second week, 
and 100% by the third week. The mean seroconversion time 
for IgM was 3 days earlier than that for IgG, in addition to 
which the rate of positivity for IgM was significantly higher 
than that for IgG by the second week after the onset of illness. 
Our results indicate that the IgM response appears earlier than 
the IgG response after SARS-CoV infection. This is consistent 
with the phenomena observed for most known pathogens, 
against which IgM antibodies often appear a few days earlier 
than IgG antibodies. Our results suggest that the earlier _ IgG 
than IgM responses previously reported by other researchers 
might be due to the low sensitivity of the test systems employed 
rather than representing the actual timing of the IgM-to-IgG 
switch. 

The results presented here in combination with our former 
report (16) clearly indicate that the recombinant truncated 
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SARS-CoV nucleocapsid protein is a good target antigen for 
SARS diagnosis. The results were highly reproducible. In our 
newly developed system, the use of infectious virus for antigen 
production, which requires a high level of microbiological se- 
curity and a proper way to inactivate and to monitor the inac- 
tivation process of the virus, is not required. Hence, it is a safer 
method for diagnosis. The advantages of using a prokaryotic 
host to produce recombinant protein would be considerable 
due to the ease of scale-up and the low costs involved in 
growing bacteria. The recombinant product can be obtained 
within a relatively short time (within 1 week after cloning), and 
the expression and purification procedures are simple and easy 
to perform. From 1 liter of cultured bacterial medium, we 
obtained more than 10 mg of purified NA121 protein. Our 
method would be much less expensive for the preparation of 
antigen than using virus-infected cell culture or the eukaryotic 
expression systems. It would be especially useful in developing 
countries as well as in cases of large-scale epidemiological 
investigations. 
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